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Doping dependence of charge dynamics in electron-doped cuprates
Tianxing Ma, Huaiming Guo, and Shiping Feng
Department of Physics, Beijing Normal University, Beijing 100875, China
Within the t-t′-J model, the doping dependence of charge dynamics in the electron-doped cuprates
is studied. The conductivity spectrum shows an unusual pseudogap structure with a low-energy
peak appearing at ω ∼ 0 and an rather sharp midinfrared peak appearing around ω ∼ 0.3 | t |,
and the resistivity exhibits a crossover from the high temperature metallic-like to low temperature
insulating-like behavior in the relatively low doped regime, and a metallic-like behavior in the
relatively high doped regime, in qualitative agreement with experiments. Our results also show that
the unusual pseudogap structure is intriguingly related to the strong antiferromagnetic correlation
in the system.
74.25.Fy,74.62.Dh,72.15.Eb
The parent compounds of cuprate superconductors are
believed to belong to a class of materials known as Mott
insulators with the antiferromagnetic (AF) long-range or-
der (AFLRO), then superconductivity occurs by electron
or hole doping1,2. It has been found from experiments
that only an approximate symmetry in the phase diagram
exists about the zero doping line between the electron-
and hole-doped cuprates3, and the significantly differ-
ent behavior of the electron- and hole-doped cuprates
is observed4–6, reflecting the electron-hole asymmetry.
For the hole-doped cuprates1, AFLRO disappears rapidly
with doping, and is replaced by a disordered spin liquid
phase with characteristics of incommensurate short AF
correlations, then the systems become superconducting
over a wide range of the hole doping concentration δ,
around the optimal δ ∼ 0.15. However, AFLRO survives
until superconductivity appears over a narrow range of
δ around the optimal δ ∼ 0.15 in the electron-doped
cuprates, where the underdoped superconducting regime
is absent, and the maximum achievable superconduct-
ing transition temperature is much lower than the hole-
doped cuprates3,7. Moreover, commensurate spin re-
sponse in the superconducting state of the electron-doped
cuprates is observed6. Therefore the investigating sim-
ilarities and differences of the hole- and electron-doped
cuprates would be crucial to understanding physics of the
high-Tc superconductivity.
Among the striking features of the normal-state
properties, the physical quantity which most evidently
displays the nonconventional property is the charge
dynamics8–11, which is manifested by the optical con-
ductivity and resistivity. Although the resistivity shows
a tendency to deviate from the linear behavior in tem-
perature for the hole-doped cuprates9,11, a pseudogap-
like feature in the electron-doped cuprates has been ob-
served in the optical conductivity10,11. This pseudogap
energy increases with decreasing doping11,12. Moreover,
a clear departure from the universal Wiedemann-Franz
law for the typical Fermi-liquid behavior is observed13,
which shows that the anomalous charge transport of the
electron-doped cuprates does not fit in the conventional
Fermi-liquid theory. These unusual physical properties of
the charge dynamics in the electron-doped cuprates offer
the unique possibility of comparison with those in their
hole-doped counterparts which can serve as a touchstone
for theory. We14 have developed a fermion-spin theory
based on the charge-spin separation to study the physi-
cal properties of the hole-doped cuprates, where the elec-
tron operator is decoupled as the gauge invariant dressed
holon and spinon. Within this theory, we have discussed
the doping dependence of the charge transport in the
hole-doped cuprates14,15, and the results are in agree-
ment with experiments1. It has been shown that the
charge transport of the hole-doped cuprates is mainly
governed by the scattering from the dressed holons due
to the dressed spinon fluctuation14,15. In this paper, we
apply this successful approach to study the doping de-
pendence of the charge dynamics in the electron-doped
cuprates. Within the t-t′-J model, we show that as in the
hole-doped cuprates the unusual behavior of the charge
dynamics in the electron-doped cuprates is intriguingly
related to the AF correlations.
In the electron-doped cuprates, the characteristic
feature is the presence of the two-dimensional CuO2
plane4–6 as in the hole-doped case, and it seems evident
that the unusual behaviors are dominated by this plane.
It is believed that the essential physics of the electron-
doped CuO2 plane is contained in the t-t
′-J model on a
square lattice2,
H = t
∑
iηˆσ
PC†iσCi+ηˆσP
† − t′
∑
iτˆσ
PC†iσCi+τˆσP
†
− µ
∑
iσ
PC†iσCiσP
† + J
∑
iηˆ
Si · Si+ηˆ, (1)
where t < 0 and t′ < 0 in the electron-doped case,
ηˆ = ±xˆ,±yˆ, τˆ = ±xˆ ± yˆ, C†iσ (Ciσ) is the electron cre-
ation (annihilation) operator, Si = C
†
i ~σCi/2 is the spin
operator with ~σ = (σx, σy, σz) as the Pauli matrices, µ
is the chemical potential, and the projection operator P
removes zero occupancy, i.e.,
∑
σ C
†
iσCiσ ≥ 1 . The im-
portance of t′ term in Eq. (1) has been emphasized by
many authors. It has been argued that although t′ term
does not change spin configuration because of the same
sublattice hoppings, it can stabilize the AF correlation in
the electron-doped cuprates, and distinguishes between
1
the hole- and electron-doped cases16. For the hole-doped
cuprates, a fermion-spin theory based on the charge-spin
separation has been developed to incorporated a single
occupancy local constraint14. To apply this theory in
the electron-doped cuprates, the t-t′-J model (1) can
be rewritten in terms of a particle-hole transformation
Ciσ → f
†
i−σ as,
H = −t
∑
iηˆσ
f †iσfi+ηˆσ + t
′
∑
iτˆσ
f †iσfi+τˆσ
+ µ
∑
iσ
f †iσfiσ + J
∑
iηˆ
Si · Si+ηˆ, (2)
supplemented by a local constraint
∑
σ f
†
iσfiσ ≤ 1 to re-
move double occupancy, where f †iσ (fiσ) is the hole cre-
ation (annihilation) operator, and Si = f
†
i ~σfi/2 is the
spin operator in the hole representation. Now we follow
the charge-spin separation fermion-spin theory14, and de-
couple hole operators fi↑ and fi↓ as,
fi↑ = a
†
i↑S
−
i , fi↓ = a
†
i↓S
+
i , (3)
where the spinful fermion operator aiσ = e
−iΦiσai de-
scribes the charge degree of freedom together with some
effects of the spin configuration rearrangements due
to the presence of the doped electron itself (dressed
fermion), while the spin operator Si describes the spin
degree of freedom (dressed spinon), then the no double
occupancy local constraint,
∑
σ f
†
iσfiσ = S
+
i ai↑a
†
i↑S
−
i +
S−i ai↓a
†
i↓S
+
i = aia
†
i (S
+
i S
−
i +S
−
i S
+
i ) = 1−a
†
iai ≤ 1, is sat-
isfied in analytical calculations, and the double dressed
fermion occupancy, a†iσa
†
i−σ = e
iΦiσa†ia
†
ie
iΦi−σ = 0 and
aiσai−σ = e
−iΦiσaiaie
−iΦi−σ = 0, are ruled out au-
tomatically. These dressed fermion and spinon have
been shown to be gauge invariant, and in this sense,
they are real and can be interpreted as the physical
excitations14. We emphasize that this dressed fermion
aiσ is a spinless fermion ai incorporated a spin cloud
e−iΦiσ (magnetic flux), and is a magnetic dressing. In
other words, the gauge invariant dressed fermion carries
some spin messages, i.e., it shares its nontrivial spinon
environment17. Although in common sense aiσ is not a
real spinful fermion, it behaves like a spinful fermion. In
this charge-spin separation fermion-spin representation,
the low-energy behavior of the t-t′-J model (2) can be
expressed as14,
H = −t
∑
iηˆ
(ai↑S
+
i a
†
i+ηˆ↑S
−
i+ηˆ + ai↓S
−
i a
†
i+ηˆ↓S
+
i+ηˆ)
+ t′
∑
iτˆ
(ai↑S
+
i a
†
i+τˆ↑S
−
i+τˆ + ai↓S
−
i a
†
i+τˆ↓S
+
i+τˆ )
− µ
∑
iσ
a†iσaiσ + Jeff
∑
iηˆ
Si · Si+ηˆ, (4)
with Jeff = (1 − δ)
2J , and δ = 〈a†iσaiσ〉 = 〈a
†
iai〉 is the
electron doping concentration. At the half-filling, the
t-t′-J model is reduced to the Heisenberg model with
AFLRO. As we have mentioned above, the phase with
this AFLRO is much more robust in the electron-doped
cuprates and persists to much higher doping levels3,7,
therefore in this paper we only discuss the charge dynam-
ics in the doped regime without AFLRO, i.e., 〈Szi 〉 = 0.
Since the local constraint has been treated properly
within the charge-spin separation fermion-spin theory,
this leads to disappearing of the extra gauge degree of
freedom related to the local constraint14, and then the
charge fluctuation only couples to dressed fermions14,15.
In this case, the doping dependence of the charge dynam-
ics of the hole-doped cuprates has been discussed14,15.
Following their discussions, the optical conductivity of
electron-doped cuprates can be obtained as,
σ(ω) =
1
4
(Ze)2
1
N
∑
kσ
γ2sk
∫ ∞
−∞
dω′
2π
A(a)σ (k, ω
′ + ω)
× A(a)σ (k, ω
′)
nF (ω
′ + ω)− nF (ω
′)
ω
, (5)
where Z is the number of the nearest neighbor
sites, γ2sk = [(χ1t − 2χ2t
′ cos ky)
2 sin2 kx + (χ1t −
2χ2t
′ cos kx)
2 sin2 ky]/4, nF (ω) is the fermion distribu-
tion function, while the dressed fermion spectral func-
tion A
(a)
σ (k, ω) is obtained as A
(a)
σ (k, ω) = −2Imgσ(k, ω),
where the full dressed fermion Green’s function
g−1σ (k, ω) = g
(0)−1
σ (k, ω)−Σ(a)(k, ω) with the mean-field
dressed fermion Green’s function g
(0)−1
σ (k, ω) = ω − ξk,
and the second-order dressed fermion self-energy from
the dressed spinon pair bubble14,15,
Σ (a)(k, ω) =
1
2
Z2
1
N2
∑
pq
γ212(k, p, q)
Bq+pBq
4ωq+pωq
×
(
F (1)(k, p, q)
ω + ωq+p − ωq − ξp+k
+
F (2)(k, p, q)
ω − ωq+p + ωq − ξp+k
+
F (3)(k, p, q)
ω + ωq+p + ωq − ξp+k
+
F (4)(k, p, q)
ω − ωq+p − ωq − ξp+k
)
, (6)
where γ212(k, p, q) = [(tγq+p+k − t
′γ′q+p+k)
2 + (tγq−k −
t′γ′q−k)
2], Bk = λ1[2χ
z
1(ǫγk−1)+χ1(γk−ǫ)]−λ2(2χ
z
2γ
′
k−
χ2), λ1 = 2ZJeff , λ2 = 4Zφ2t
′, γk = (1/Z)
∑
ηˆ e
ik·ηˆ,
γ′k = (1/Z)
∑
τˆ e
ik·τˆ , F (1)(k, p, q) = nF (ξp+k)[nB(ωq) −
nB(ωq+p)] + nB(ωq+p)[1 + nB(ωq)], F
(2)(k, p, q) =
nF (ξp+k)[nB(ωq+p) − nB(ωq)] + nB(ωq)[1 + nB(ωq+p)],
F (3)(k, p, q) = nF (ξp+k)[1 + nB(ωq+p) + nB(ωq)] +
nB(ωq)nB(ωq+p), F
(4)(k, p, q) = [1 + nB(ωq)][1 +
nB(ωq+p)] − nF (ξp+k)[1 + nB(ωq+p) + nB(ωq)], nB(ωk)
is the Bose distribution function, and the mean-field
dressed fermion and spinon excitation spectra are given
by, ξk = Ztχ1γk − Zt
′χ2γ
′
k
− µ, ω2k = A1(γk)
2 +
A2(γ
′
k)
2 + A3γkγ
′
k + A4γk + A5γ
′
k + A6 respectively,
with A1 = αǫλ
2
1(ǫχ
z
1 + χ1/2), A2 = αλ
2
2χ
z
2, A3 =
−αλ1λ2(ǫχ
z
1 + ǫχ
z
2 + χ1/2), A4 = −ǫλ
2
1[α(χ
z
1 + ǫχ1/2) +
(αCz1+(1−α)/(4Z)−αǫχ1/(2Z))+(αC1+(1−α)/(2Z)−
2
αχz1/2)/2] + αλ1λ2(C3 + ǫχ2)/2, A5 = −3αλ
2
2χ2/(2Z) +
αλ1λ2(χ
z
1 + ǫχ1/2+C
z
3 ), A6 = λ
2
1[αC
z
1 +(1−α)/(4Z)−
αǫχ1/(2Z) + ǫ
2(αC1 + (1 − α)/(2Z) − αχ
z
1/2)/2] +
λ22(αC2 + (1 − α)/(2Z) − αχ
z
2/2)/2) − αǫλ1λ2C3, and
the spinon correlation functions χz1 = 〈S
z
i S
z
i+ηˆ〉,
χz2 = 〈S
z
i S
z
i+τˆ 〉, C1 = (1/Z
2)
∑
ηˆ,ηˆ′
〈S+i+ηˆS
−
i+ηˆ′
〉, Cz1 =
(1/Z2)
∑
ηˆ,ηˆ′
〈Szi+ηˆS
z
i+ηˆ′
〉, C2 = (1/Z
2)
∑
τˆ ,τˆ ′
〈S+i+τˆS
−
i+τˆ ′
〉,
C3 = (1/Z)
∑
τˆ 〈S
+
i+ηˆS
−
i+τˆ 〉, C
z
3 = (1/Z)
∑
τˆ 〈S
z
i+ηˆS
z
i+τˆ 〉.
In order to satisfy the sum rule for the correlation func-
tion 〈S+i S
−
i 〉 = 1/2 in the absence of AFLRO, a decou-
pling parameter α has been introduced in the MF calcula-
tion, which can be regarded as the vertex correction18,19.
All these mean-field order parameters, decoupling pa-
rameter, and the chemical potential are determined self-
consistently18.
The optical conductivity measurement is a powerful
probe for interacting electron systems20, and can provide
very detailed knowledges about the low-energy excita-
tions as electrons are doped to Mott insulators. We have
performed a numerical calculation for the optical con-
ductivity in Eq. (5), and the results at electron doping
δ = 0.10 (solid line), δ = 0.12 (dashed line), and δ = 0.15
(dash-dotted line) for parameters t/J = −2.5 and t′/t =
0.15 at temperature T = 0 are shown in Fig. 1, where
the charge e has been set as the unit. For a comparison,
the experimental result11 of Nd2−xCexCuO4 is also plot-
ted in Fig. 1 (inset). This conductivity spectrum shows
a pseudogap structure, where a low-energy peak appears
at ω ∼ 0, which decays rapidly, and a rather sharp mid-
infrared peak appears around ω ∼ 0.3 | t |, which is in
contrast to the case for the hole-doped cuprates, where
FIG. 1. The conductivity of electron-doped cuprates at
δ = 0.10 (solid line), δ = 0.12 (dashed line), and δ = 0.15
(dash-dotted line) for t/J = −2.5 and t′/t = 0.15 with T = 0.
Inset: the experimental result on Nd2−xCexCuO4 taken from
Ref.11.
a broad distribution of the spectral weight of the mid-
infrared band is observed14,15. Since the spectral func-
tion (then full dressed fermion Green’s function) in the
optical conductivity (5) is obtained by considering the
second-order corrections due to the dressed spinon pair
bubble, then our present results reflect that the AF spin
correlation in the electron-doped case is stronger than
that in the hole-doped case, and the pseudogap struc-
ture or very sharp midinfrared peak is closely related to
the strong AF spin correlations. This is consistent with
the results from numerical simulations21, where the pseu-
dogap structure in the electron-doped cuprates is very
sensitive to not only J , but also t′. Although t′ does not
change spin configuration, it can enhance the AF corre-
lation in the electron-doped cuprates. With increasing
the value of t′/t, the gap increases in energy21. More-
over, the unusual midinfrared peak is electron doping
dependent, and the component increases with increas-
ing electron doping for 0.08 | t |< ω < 0.5 | t |, and is
nearly independent of electron doping for ω > 0.5 | t |.
This reflects an increase in the mobile carrier density,
and indicates that the spectral weight of the midinfrared
sidepeak is taken from the Drude absorption, then the
spectral weight from both low energy peak and midin-
frared peak represent the actual free-carrier density. For
a better understanding of the optical properties of the
electron-doped cuprates, we have studied the conductiv-
ity at different temperatures, and the results at δ = 0.10
for t/J = −2.5 and t′/t = 0.15 with T = 0 (solid line),
T = 0.1J (dashed line), and T = 0.2J (dash-dotted line)
are plotted in Fig. 2 in comparison with the experimen-
FIG. 2. The conductivity of electron-doped cuprates at
δ = 0.10 for t/J = −2.5 and t′/t = 0.15 with T = 0 (solid
line), T = 0.1J (dashed line), and T = 0.2J (dash-dotted
line). Inset: the experimental result on Nd2−xCexCuO4 taken
from Ref.11.
3
tal data11 taken from Nd2−xCexCuO4 (inset). Our re-
sults show that the conductivity spectrum is tempera-
ture dependent for ω < 0.5 | t |, and almost temperature
independent for ω > 0.5 | t |. The component in the
low energy region increases with increasing temperatures,
then there is a tendency towards the Drude-like behavior,
while the unusual midinfrared peak is severely suppressed
with increasing temperatures, and vanishes at high tem-
peratures. This reflects that the spin correlation rapidly
decreases with increasing temperature. These results are
in qualitative agreement with experiments11 and the nu-
merical simulations21. As in the hole-doped cuprates,
the charge transport is governed by the dressed fermion
scattering, therefore δ dressed fermions are responsible
for the optical conductivity, i.e., the optical conductivity
in the electron-doped cuprates is carried by δ electrons.
Since the strong electron correlation is common for both
hole- and electron-doped cuprates, these similar behav-
iors observed from the optical conductivity are expected.
The quantity which is closely related to the conduc-
tivity is the resistivity, which can be obtained as ρ(T ) =
1/ limω→0 σ(ω). This resistivity has been calculated nu-
merically, and the results for t/J = −2.5 and t′/t = 0.15
at δ = 0.09 (solid line) and and δ = 0.15 (dashed line)
are plotted in Fig. 3, in comparison with the experi-
mental data8 taken from Nd2−xCexCuO4 (inset). It is
shown obviously that the resistivity is characterized by a
crossover from the high temperature metallic-like to low
temperature insulating-like behavior in the relatively low
doped regime, and a metallic-like behavior in the rela-
tively high doped regime. But even in the relatively low
doped regime, the resistivity exhibits the metallic-like be-
havior over a wide range of temperatures, which also is
in qualitative agreement with experiments11,8.
The physical interpretation to the above obtained re-
FIG. 3. The resistivity of electron-doped cuprates for
t/J = −2.5 and t′/t = 0.15 at δ = 0.09 (solid line) and
δ = 0.15 (dashed line). Inset: the experimental result on
Nd2−xCexCuO4 taken from Ref.
8.
sults is very similar to these in the hole-doped case14,15,
since the t-t′-J model in both hole- and electron-doped
cuprates is characterized by a competition between the
kinetic energy and magnetic energy, with the magnetic
energy favors the magnetic order for spins, while the ki-
netic energy favors delocalization of electrons and tends
to destroy the magnetic order. However, it needs more
kinetic energy to drive the motion of charged carriers
in the electron-doped case since the strong spin correla-
tion. In the charge-spin separation fermion-spin theory,
although both dressed fermions and spinons contribute
to the charge dynamics, the dressed fermion scattering
dominates the charge dynamics14,15, where the dressed
fermion scattering rate is obtained from the full dressed
fermion Green’s function (then the dressed fermion self-
energy and spectral function) by considering the dressed
fermion-spinon interaction. In this case, the crossover
from the high temperature metallic-like to low tem-
perature insulating-like behaviors in the relatively low
electron-doped regime, and the metallic-like behavior in
the relatively high electron-doped regime in the resistiv-
ity is closely related to this competition between the ki-
netic energy and magnetic energy. In lower temperatures,
the dressed fermion kinetic energy is much smaller than
the magnetic energy in the relatively low electron-doped
regime, then the magnetic fluctuation is strong enough to
severely reduce the dressed fermion scattering and thus is
responsible for the insulating-like behavior in the resistiv-
ity. With increasing temperatures, the dressed fermion
kinetic energy is increased, while the dressed spinon mag-
netic energy is decreased. In the region where the dressed
fermion kinetic energy is much larger than the dressed
spinon magnetic energy at higher temperatures or rel-
atively high electron-doped regime, the dressed fermion
scattering would give rise to the metallic-like resistivity.
In summary, we have studied the doping dependence
of the charge dynamics in the electron-doped cuprates
within the t-t′-J model. The optical conductivity spec-
trum shows an unusual pseudogap structure with a low-
energy peak appearing at ω ∼ 0 and an rather sharp
midinfrared peak appearing around ω ∼ 0.3 | t |, and
the resistivity exhibits a crossover from the high temper-
ature metallic-like to low temperature insulating-like be-
havior in the relatively low electron-doped regime, and
a metallic-like behavior in the relatively high electron-
doped regime. Our results also show that the unusual
pseudogap structure is intriguingly related to the strong
AF correlation in the system.
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